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The ability of RNA polymerase (RNAP) to adopt mul-
tiple conformations is central to transcriptional regula-
tion. In previous work, we demonstrated that RNAP can
exist in an unactivated state that catalyzes synthesis
slowly and an activated state that catalyzes synthesis
rapidly, with the transition from the unactivated to the
activated state being induced by the templated NTP
binding to an allosteric site on the RNAP. In this work,
we investigate the effects of downstream DNA se-
quences on the kinetics of single nucleotide incorpora-
tion. We demonstrate that changing the identity of the
DNA base 1 bp downstream (2) from the site of incor-
poration (1) can regulate the catalytic activity of
RNAP. Combining these data with sequence and struc-
tural analyses and molecular modeling, we identify the
streptolydigin-binding region (Escherichia coli  resi-
dues 543–546), which lies across from the downstream
DNA, as the putative allosteric NTP binding site. We
present a structural model in which the NTP binds to
the streptolydigin loop and upon pairing with the 1
DNA base in the unactivated state or the 2 DNA base in
the activated state facilitates translocation via a ratchet
motion. This model provides an alternative mechanism
for pausing as well as a structural explanation not only
for our kinetic data but also for data from elongation
studies on yeast RNAP II.
RNA polymerase (RNAP)1 catalyzes the DNA-directed syn-
thesis of RNA transcripts at a fast rate and with high fidelity.
Transcription regulation can occur through accessory proteins
that bind to RNAP and through particular sequence elements
in the DNA or RNA chains that interact with the RNAP. These
interactions dictate the rate and fidelity of RNA synthesis.
During the elongation phase of transcription, RNAP can exist
in multiple states or conformations. In particular, both pro-
karyotic and eukaryotic RNAPs have been shown to exist in
slow or fast states of synthesis, and the distribution between
these states is central to the regulation of transcription (1–10).
A common regulatory signal in transcription is pausing.
Pause and termination signals are multipartite and depend on
a nascent RNA hairpin, the 3-proximal region of the DNA, the
3-RNA nucleotide, the incoming nucleoside triphosphate
(NTP), and the DNA sequence downstream from the 3-end of
the RNA (11–16). In fact, downstream DNA and the 3-proxi-
mal regions appear to play important roles in the formation of
a paused complex (12, 17–20). Interestingly, changing the DNA
downstream adjacent to pause and termination sites can affect
their pause and termination efficiencies (14, 18, 21–23). Even
subtle single base pair changes in this downstream DNA can
strongly affect these efficiencies (21, 22). As such, it is impor-
tant to identify and examine downstream DNA sequences that
may be important in the regulation of transcription elongation.
In this report, we investigate the effects of downstream se-
quences on the detailed kinetics of nucleotide incorporation.
We have previously presented compelling evidence for the
existence of an allosteric binding site on Escherichia coli RNAP
that is specific for the incoming NTP (1). Binding of the tem-
plated NTP to the allosteric site shifts RNAP from an unacti-
vated (slow) to an activated (fast) state. We demonstrated that
the kinetics of nucleotide addition to the RNA chain follows a
non-essential allosteric activation mechanism where nucleo-
tide addition can occur in either the fast or slow states, with the
transition to the fast state being induced by nucleotide binding
to the allosteric site (1). The allosteric site provides a means of
regulation for the enzyme by “trapping” complexes into the
slow state in the absence of or at low concentrations of the
correct NTP.
To assess the effects of downstream DNA sequences on the
non-essential allosteric activation model and, therefore, on the
distribution between the slow and fast states, we have con-
structed mutant DNA templates and examined the effects of
different downstream DNA sequences on the rate of nucleotide
addition to the RNA chain. We demonstrate that the DNA
sequence 1 bp downstream of the site of incorporation (2) can
affect the rate of nucleotide incorporation. Functionally, these
data implicate a conserved loop on the  subunit as being
important in elongation. Detailed sequence and structural
analyses reveal that this loop could comprise the allosteric
nucleotide binding site. Combining our kinetic data with mo-
lecular modeling, we present a model for nucleotide synthesis
and RNAP translocation involving this loop.
MATERIALS AND METHODS
Sources of Protein and DNA
His-tagged RNAP was purified from log phase cells of strain RL916
(gift of R. Landick) as described previously (24, 25). The DNA templates
were prepared from pDE13 (wild type template) (2) and amplified by
PCR. The QuikChange site-directed mutagenesis kit from Stratagene
was used to obtain all of the DNA template mutants from the pDE13
template or the A27c template. After plasmid purification of the mu-
tants, the one or more mutations were confirmed by analysis at an
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automated DNA sequencing facility at the University of North Caro-
lina. All of the DNA templates were biotinylated on one end, were 540
nucleotides in length, contained the PR promoter, and coded for a
transcript in which the first cytosine is at 25.
In Vitro Transcription Reactions
RNAP (60 nM) and 5-biotinylated DNA template (60 nM) bound to
streptavidin-coated magnetic beads were incubated 10 min at 37 °C in
1 TB (30 mM HEPES (pH 8.0), 10 mM Mg2 glutamate, 200 mM K
glutamate, 25 g/ml bovine serum albumin, and 1 mM dithiothreitol) to
form open complexes. Complexes stalled at 24 were formed by adding
15 M UTP, 20 M ATP, and 20 M [-32P]GTP (150 Ci/mmol) and
incubating at room temperature for 1 min. The complexes were washed
seven to ten times using ice-cold 1 TB by holding the reaction tube
next to a strong magnet to retain the complexes. The complexes were
then resuspended in ice-cold 1 TB. In some experiments, the com-
plexes were then kept on ice until used in the rapid kinetic experiments.
In most of the experiments, 10 M CTP was added to “walk” the
complexes to 25 at room temperature, and then the complexes were
purified again after 1 min as described above and kept on ice until used
in the rapid kinetic experiments. The rapid kinetic experiments were
performed at room temperature (23 °C), using a KinTek Rapid
Quench Flow apparatus. For each time point, 20 l of the purified
elongation complexes was injected into one reactant loop, and 20 l of
the designated NTP(s) was injected into the other reactant loop. The
reactants were mixed for the indicated times and subsequently
quenched with 0.5 M EDTA. Each time point represents a separate
experiment. To assure that the results were not dependent on the
length of time the complexes remained on ice, time points were taken in
different orders. At designated times during the reactions, a portion of
the purified elongation complexes was removed and extended to full-
length by the addition of 1 mM of all four NTPs (chased) to establish that
the complexes were still active. The NTP concentrations reported are
final concentrations after mixing in the quench flow. Prior to running
the samples on 8 M urea, 20% polyacrylamide gels, the EDTA was
removed from the complexes with the aid of a magnet as described
above, and the products were resuspended in 100% formamide.
Data Analysis
Quantification and Normalization of Rate Data—The amount of
radioactivity in each lane of the gel was measured on an Amersham
Biosciences PhosphorImager and analyzed with ImageQuant software.
The percentage of complexes at each position on the template was
calculated by dividing the amount of radioactivity in the indicated band
by the total amount of radioactivity in all the bands 24 nucleotides in
length. To compare data from different experiments, it was necessary to
normalize the data such that at 0 time, there was 0% incorporation,
and, upon completion, there was 100% incorporation. The data were
normalized to 100% by dividing each time point by the highest percent-
age of complexes that incorporated beyond either 24 or 25, as de-
scribed previously (1). The experiments were conducted two to six times
for each concentration.
Fits of the Kinetic Data to the Mechanism—For both the wild type
and A27c templates, each data set was fit to both single- and double-
exponential equations. The quality of the double-exponential fits was
significantly better than that of the single-exponential fits, because the
data were clearly biphasic. The data from the double-exponential fits of
the individual rate curves were used as a starting point to obtain initial
values for binding constants to the catalytic and allosteric sites and the
rate constants for the unactivated and activated states as previously
described (1). Dynafit (26) was used to attempt to fit the data to the
previously described non-essential allosteric activation mechanism in
which all NTP binding steps were assumed to be in rapid equilibrium
(1). All [ATP] were fit simultaneously, and all binding constants and the
polymerization rate constants were allowed to vary over several orders
of magnitude. Despite these procedures, we were not able to find a
single set of constants that produced reasonable fits to the data for all
[ATP] using the published mechanism. This result is not surprising,
because this mechanism does not account for the biphasic nature of the
kinetics.
To fit the biphasic curves, we needed to refine the mechanism (see
text). Fig. 2A shows the fewest number of changes that could be made
to the mechanism that would allow it to fit the biphasic data. We fit the
data to this new mechanism both by computer using Dynafit (26) and by
hand using KinSim (27) as previously described (1). The rapid equilib-
rium-binding step to the allosteric site after the catalytic site is filled
(gray reaction arrows) was removed. Simulations performed using Kin-
Sim (27) demonstrated that including this step with all possible per-
mutations of the constants destroyed the biphasic nature of the curves
produced; therefore, it was essential to remove this step. The only rapid
equilibrium step that remained was Kallos (Fig. 2, A and B). Nucleotide
binding to the catalytic site was no longer a rapid equilibrium step.
There may have been a conformational change that occurred just before
these binding steps; however, we could not observe it.
Construction of Model Shown in Fig. 7 (A and B)
The structures of Thermus thermophilus RNAP and the yeast RNAP
II elongation complex were aligned in InsightII. The nucleic acids were
removed from the RNAP II structure and placed into the T. thermophi-
lus structure. All of the magnesium ions were removed from the T.
thermophilus structure except for the ones near  residue 326 and at
the catalytic site. This complex was then minimized using CNSsolve to
remove any bad contacts. A UTP that would base pair with the 1
downstream DNA base (ATP) was then built using Sybyl and docked in
to the model of the elongation complex. This complex was then mini-
mized using Sybyl to remove bad contacts between the UTP and its
binding loop. The same procedure was used to make a model with
Thermus aquaticus RNAP.
Sequence and Structural Alignments
The alignments shown in Fig. 5 were first done using Vector NTI.
These alignments were then checked by superimposing the structures
of T. thermophilus, T. aquaticus, and Saccharomyces cerevisiae RNA
polymerase II in InsightII. The specific areas that were analyzed are
those that are described in Fig. 5. It was then discovered that these
alignments were not correct and that the previously published align-
ments (28) were not correct. The Vector NTI alignments were then
corrected accordingly based on the observed structural alignments.
RESULTS AND DISCUSSION
All experiments were performed on the DNA templates
shown in Fig. 1. In all of these templates, the first cytosine to
be incorporated is at position 25 (2). By omitting CTP from
the initial transcription reaction, stable elongation complexes
stalled at position 24 were generated. The NTPs were puri-
fied away from these complexes, and the purified complexes
were used to measure the kinetics of correct nucleotide incor-
poration using rapid kinetic techniques. We have characterized
the kinetics of adenosine incorporation at position 26 on each
of these templates.
Refining the Kinetic Mechanism of Nucleotide Incorpora-
tion—Previously, we demonstrated the existence of an allos-
teric binding site by measuring the kinetics of CMP addition at
position 25 and of AMP addition at position 26 on the DE13
template (1). We characterized the kinetics of CMP addition at
position 25 as a function of [CTP] (1). The data were fit to a
non-essential activation mechanism, in which the substrate
acts both as a substrate and an allosteric effector. In this
FIG. 1. RNA transcript sequences of the DNA templates em-
ployed in this study. The sequences shown are the RNA transcript
sequences, and the numbers above the sequences correspond to the
transcript number. Only the first 40 nucleotides of the sequence are
shown. The mutations were constructed as described under “Materials
and Methods.” Blue letters indicate the mutation made from the DE13
template, and magenta letters indicate the mutation made from the
A27c template. A, sequences of single base pair mutations; B, sequences
of double base pair mutations.
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model, a rapid equilibrium between the activated (fast) and
unactivated (slow) states was assumed. Although this mecha-
nism (Fig. 2A and Ref. 1) is sufficient to describe the concen-
tration dependence of the kinetics, it can not reproduce the
biphasic nature of the kinetic curves at intermediate concen-
trations of CTP, because the rapid equilibrium assumption
produces single-exponential kinetics. Because the rate of syn-
thesis in the slow state and the fast state differ by only 30-
fold, single exponentials were sufficient to get reasonable fits.
To further characterize the kinetic mechanism, we investigated
the kinetics of AMP addition at position 26 as a function of
[ATP] on the DE13 template and several variants of it.
As can be seen from inspection of the data in Fig. 3, double-
exponential fits were required to obtain reasonable fits to the
kinetic data for AMP incorporation at position 26. The en-
hanced biphasic nature of the kinetic data at position 26
relative to position 25 results from greater differences be-
tween the rates of synthesis in the slow and fast states. The
biphasic nature of the curves indicates that there is not a rapid
equilibrium between the activated (fast) and unactivated (slow)
states as was previously assumed (1). Not surprisingly, we
were not able to find a set of rate and binding constants that
could fit the data at all ATP concentrations using the previous
mechanism. Accordingly, we set out to modify this rapid equi-
librium non-essential activation mechanism to accommodate
these new data. Fig. 2A shows one of the two simplest kinetic
mechanisms that could fit the data. In this mechanism, like the
previous one, there is still a rapid binding equilibrium of the
templated NTP to the allosteric site; however, unlike the pre-
vious one, NTP binding to the catalytic site is not in rapid
equilibrium, and once an NTP became bound in the catalytic
site there is not a rapid equilibrium between the unactivated
(En:SC) and activated (En
*:SA:SC) states. The rapid equilibrium
binding of the NTP to the allosteric site is required, because if
binding were slow, a fast synthesis rate would not occur, and if
dissociation of the NTP from the allosteric site were slow, all of
the complexes would end up in the fast state. In contrast, if
NTP binding to the catalytic site were in rapid equilibrium,
biphasic kinetics would not be observed.
Inspection of Fig. 4 (A and B) reveals that the new mecha-
nism (Fig. 2A) could fit the data for all [ATP] (for position 26)
and all [CTP] (for position 25) (taken from Ref .1), with a
single set of rate and binding constants for each template
position (shown in Table I). This mechanism fits the data for
position 25 better than the previously published mechanism
(Fig. 4B) (1). As a result of the better fits, we were able to fit
more data sets for position 25 to this non-equilibrium non-
essential activation mechanism than to the previous
mechanism.
We were also able to fit the data to the mechanism shown in
Fig. 2B using the same constants shown in Table I except that
the new values for kunact
 are shown in braces. The mechanisms
depicted in Fig. 2 (A and B) are kinetically indistinguishable. In
the mechanism shown in Fig. 2A, it is assumed that there is an
equilibrium between the pre- and post-translocated states with
the NTP binding to RNAP in the post-translocated state (EnT);
whereas, in the mechanism shown in Fig. 2B, the NTP binds to
the allosteric site in the pre-translocated state of synthesis
(EnPT) and induces translocation. In this latter model, the
unactivated state is represented by the allosteric NTP switch-
ing over to the catalytic site, thus becoming the catalytic NTP.
The activated state is represented by a second NTP binding to
the catalytic site after NTP binding to the allosteric site in-
duces translocation. The main difference between these two
mechanisms is that in the former case (Fig. 2A), an equilibrium
between the pre- and post-translocated states is assumed and
the first incoming NTP can bind to either the catalytic site or
the allosteric site; whereas, in the latter mechanism (Fig. 2B),
the incoming NTP must first bind to the allosteric site and
induce translocation from the pre- to the post-translocated
state before the catalytic site can be bound. These mechanisms
will be discussed further in the context of the RNAP crystal
structures.
Using both Dynafit (26) and KinSim (27), we tried to fit the
data to several other mechanisms, including an ordered bind-
ing mechanism in which the incoming NTP must first bind to
the catalytic site before the allosteric site can be filled, and an
essential activation mechanism in which catalysis occurs only
in the activated state (1). Despite all permutations, the alter-
native mechanisms could not fit the data. The mechanisms
presented are the two simplest mechanisms that can fit the
data.
To determine the rate and binding constants (Table I) for the
mechanisms shown in Fig. 2, we fit the data both by hand and
by computer. The manual fits were done by simulating the
kinetic data for each [NTP] using the program KinSim and
manually changing the kinetic constants to obtain the best fits
visually. The computer fits were done using the program Dy-
nafit, which uses a Markov algorithm to fit the data, and the
data for all [NTP] were fit simultaneously; that is, the fits were
globally optimized. In both cases, we varied the starting values
of the rate and binding constants over 5 orders of magnitude,
and in both cases, the constants converged to the values shown
in Table I. These results strongly suggest that there is only a
single set of rate and binding constants that can fit the data; i.e.
these constants are unique.
The Unactivated State Is the Primary Regulatory State—
Overall, the rate of synthesis is slower at position 26 (wild
type template) than at position 25 (Fig. 4, A and B, and Table
I) signifying that the rates of addition can differ between tem-
plate positions in a given elongation complex as has been
observed in other studies of elongation complexes (4–6, 29–31).
Specifically, the catalytic rate in the activated state, kfast, is
seven times faster for position 25 than for position 26. The
catalytic rate in the unactivated state, kslow (shown in bold face
italics in Table I) for position 25 is at least 30 times faster
than position 26 in the wild type template. The zero in pa-
renthesis indicates that we were able to fit these data with a
kslow of less than the indicated number, including a value of
zero. These data correlate with our misincorporation studies in
which synthesis is not observed in the unactivated state (2).
The fact that kslow could be assigned a value of zero and still
produce reasonable fits indicates that the unactivated state is
not a productive synthesis state for this template position.
Significantly, however, we could not obtain reasonable fits
without requiring that NTPs bind to the catalytic site in this
state. Consequently, our kinetic data indicate that this state is
capable of binding NTPs to the catalytic site; however, it is not
contributing to synthesis. Instead, the unactivated state is
acting in an inhibitory manner at this template position, trap-
ping complexes on a non-synthesis pathway and preventing
them from getting on the activated path, which is the only
synthesis pathway at this position. This condition is not true
for the 25 template position, because we were not able to fit
the data without a non-zero value for the rate of synthesis in
the unactivated state. At low [CTP], there is a significant
population of complexes in the unactivated state undergoing
synthesis.
The significant differences in the catalytic activity of the
unactivated state between template positions 25 and 26
suggest that this state may play important roles in the regu-
lation of transcription elongation. The unactivated state can
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FIG. 2. Mechanism of single nucleotide addition. The top and bottom paths represent synthesis in the activated (fast) and unactivated (slow)
states, respectively. The red and magenta boxes represent the catalytic and allosteric binding sites, respectively, and the product terminus binding
site is shown as the pink box. The colored lines connected to the nucleotide represent the RNA chain. PP stands for pyrophosphate. The labels above
and below the drawings identify the states, with SC and SA representing substrate bound in the catalytic site and the allosteric site, respectively.
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serve as a precursor state to a multitude of other conformation-
ally different states (1, 2, 10). For example, pause, arrest, and
termination states all appear to arise from the unactivated
(slow) state of synthesis (6, 9, 10, 32, 33). Backtracked states
have also been observed to come off of the unactivated pathway
of synthesis (10, 32, 34). This state appears to be susceptible to
GreA- and GreB-induced transcript cleavage and may be sen-
sitive to NusA and NusG (2, 10). Synthesis in this state pro-
ceeds slowly with a significantly higher fidelity than the acti-
vated (fast) state (10). In addition, complexes in the activated
state of synthesis are more resistant to pause and termination
signals (4, 35).
The unactivated state can generally be thought of as a syn-
thesis state as well as a regulatory state, capable of determin-
ing whether complexes will continue on a synthesis pathway or
undergo a regulatory or rescue event (1, 2, 7, 10). We have
demonstrated that, for a different template position, the unac-
tivated state becomes a non-productive synthesis state, serving
as a trap for complexes that can bind NTPs and acting in an
inhibitory fashion. This state probably acts to slow down syn-
thesis at pause or regulatory sites. These results support the
idea that the unactivated state is the major regulatory state
during elongation.
The Rate of RNA Synthesis Is Regulated by the Identity of the
2 DNA Base—The difference in catalytic rates among differ-
ent template positions (Table I) prompted us to examine the
effects of downstream DNA on the kinetics of nucleotide addi-
tion. Using site-directed mutagenesis, we constructed several
single-base pair substitutions, shown in Fig. 1A, within the
DE13 (wild type) template sequence. Fig. 3A shows the kinetic
curves for AMP incorporation at position 26 at 5 M ATP for
four templates, each of which have a different base at position
27. Notably, the rates of incorporation for the two templates
with purine bases in the template strand at this position (A27c
and A27u) exhibit markedly reduced rates relative to those
with pyrimidines at this position (A27 and A27g). Specifically,
by 1 s, 50% of the complexes formed with the wild type and
A27g templates have incorporated an AMP at position 26,
whereas only 25% of the complexes formed with the A27c and
A27u templates have reached this position (Fig. 3A). The sim-
ilarity of the rate of AMP incorporation for the A27c and A27u
templates indicates that the presence of a purine in the tem-
plate strand one base pair downstream of the site of AMP
incorporation causes the RNAP to slow down synthesis in this
sequence context. This substitution is the only variable in the
experiments between the wild type template and the A27c and
A27u templates. Interestingly, the rate of incorporation of CMP
at position 25 (two base pairs upstream from the mutation of
interest) is unaffected by the change in the DNA base (data not
shown). Only the rate of addition of the base immediately
upstream from the DNA mutation is affected in these experi-
ments using this sequence.
Each of the mutant DE13 templates contains several pyri-
midines in the proximal downstream region of the non-tem-
plate strand of the DNA. At most intrinsic termination sites,
the nascent RNA is shown to fold into a GC-rich hairpin fol-
lowed by a stretch of U residues (11, 36–39). The presence of
the U residues causes RNAP to slow down prior to the dissoci-
ation of the ternary complex (5, 6, 38, 39). Perhaps the series of
pyrimidines in these mutant templates causes RNAP to de-
crease the rate of incorporation, similar to a pause or termina-
tion site. To determine if the reduced rate of synthesis at 26
is specifically due to the presence of a single pyrimidine in the
non-template strand at position 27, or to the presence of two
contiguous pyrimidines at 27 and 28, or simply due to
having many pyrimidines in the vicinity of this position, we
constructed mutants on the A27c template in which the non-
template strand downstream pyrimidines were changed to pu-
rines (Fig. 1B) to see if the higher rate of synthesis could be
recovered. Fig. 3B shows the rates of incorporation of AMP at
26 for these templates as compared with the wild type and
A27c templates at 5 M ATP. Templates in which the non-
template strand pyrimidines are changed to purines at 28,
30, and 36 still exhibit the decreased rate of AMP incorpo-
ration at position 26 as with the A27c template relative to the
wild type. These results suggest that the observed decrease in
AMP incorporation at 26 is due solely to the pyrimidine on
the non-template strand (or a purine in the template strand) at
position 27 in this sequence context. (We did not examine the
effect of changing the upstream sequence, which may play a
role in the observed results.)
The reduced rate of AMP incorporation could result from a
decreased rate of NTP binding to the allosteric or catalytic
sites, from a reduced rate of catalysis, or from a combination of
effects. To understand the origin of this decreased rate, we
have characterized the kinetics of AMP incorporation at posi-
tion 26 using the A27c template and fit the data to the
mechanisms described by Fig. 2 (A and B). To obtain constants
that would fit the data for the A27c template using the mech-
anisms shown in Fig. 2 (A and B), the constants for the wild
type template (position 26) were used as starting values. In
addition, several other starting values for the rate and binding
constants that were significantly different were used. As with
other data sets, independent of the starting values, the con-
stants always converged to the same final values.
Inspection of Fig. 4C shows that the kinetic mechanisms can
fit the data for all [ATP] with a single set of rate and binding
constants (Table I). The most significant difference between the
wild type template and the A27c template is given in boldface
in Table I. Specifically, the rates of NTP binding and dissocia-
tion to the catalytic site in the activated state (kact and kact)
are 1000 times faster for the wild type template than the A27c
template. Perhaps the catalytic site in the activated state be-
comes difficult for NTPs to access when the A27c template is
used. As discussed above, the rate of synthesis in the unacti-
vated state (kslow) can be zero for this template position, indi-
cating that this state is not a productive synthesis state. Con-
sequently, at this template position, synthesis is forced to occur
on the activated pathway, where the catalytic site in this state
becomes less accessible to NTPs, thus explaining the reduced
rate of synthesis observed when using the A27c template. The
structural implications of this idea will be discussed further
below.
Structural and Functional Implications—The observed
downstream sequence effects prompted us to examine which
amino acid residues on the RNAP could be responsible for
distinguishing between a pyrimidine and a purine base in the
2 downstream DNA. We examined the crystal structure of the
E25PT and E25T represent the pre-translocated and the post-translocated states, respectively. Activation is shown as one step but actually includes
more than one step (see Foster et al. (1)). A, kinetic mechanism assuming an equilibrium between pre- and post-translocated states. The previous
mechanism (1) resembled this mechanism except that the rapid equilibrium step between E25:SCº E25
* :SA:SC, shown in gray, was present and NTP
binding to the catalytic site in both pathways was assumed to consist of rapid equilibrium steps. The pre-translocated state is shown in gray.
Although this state is not used in the fits, the equilibrium constant Ktrans is contained within Kallos and kunact. B, kinetic mechanism in which NTP
binding to the allosteric site induces translocation. The pre-translocated state is shown at the bottom in the gray-colored schematic. A structural
schematic of this mechanism is also given in Fig. 8.
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RNA polymerase II elongation complex and discovered that the
residues nearest to this base belong to a loop (fork loop 2 in
Rpb2) that is disordered and hence absent in the crystal struc-
ture (28, 40). To further investigate the potential role of this
loop, we made models (see “Materials and Methods”) of elon-
gation complexes of the T. aquaticus and T. thermophilus
RNAPs, because the loop of interest is ordered in these crystal
structures (41–43). Inspection of these models reveals that the
homologous loop in the bacterial RNAPs, which comprises res-
idues 413–431 (D loop I) in T. thermophilus and T. aquaticus
RNAP (residues 533–541 in E. coli), is within  5–6 Å of the
downstream template base. Sequence alignments indicate that
this loop is conserved among multisubunit prokaryotic RNA
polymerases (Fig. 5).
A comparison of this loop in the T. aquaticus structure (42)
with the corresponding loop in the T. thermophilus structure
(43) shows that the loop has a different conformation in each of
the structures (Fig. 6). In particular, several of the conserved
residues are in different conformations in the two different
structures (Fig. 6). These data along with the fact that the loop
is disordered in the RNA polymerase II structures suggest that
the loop is flexible and can easily change conformations. Con-
sequently, it could make unique interactions with different
template bases, and it could play an important role in elonga-
tion in all multisubunit polymerases.
Interestingly, mutations in this loop have been shown to be
FIG. 3. Rates of AMP incorporation using different templates.
The plots show the percentage of complexes appearing at position 26
as a function of time. Data for reactions at 5 M ATP concentration are
shown. The data are clearly biphasic, and the curves through the data
are double-exponential fits. All reactions go to completion within 30 s.
A, rates for wild type and single mutants. The rates of nucleotide
incorporation are slower for the A27c and A27u templates. B, rates for
double mutants and A27c. The rates of nucleotide incorporation are
slow (similar to that of the A27c template) for all templates but the wild
type.
FIG. 4. Fits of the data to the kinetic mechanisms shown in Fig. 2 (A
and B). The curves were generated from the mechanism shown in Fig.
2 (A and B) and the constants shown in Table I. The curves were
generated using the program KinSim (27, 58, 59). a, plots of the per-
centage of complexes that incorporated AMP at position 26 on the wild
type template. Data for reactions at seven different ATP concentrations
(1, 5, 10, 50, 100, 500, and 1000 M) are shown. The data for 50 M CTP
are shown in both graphs for reference. B, plots of the percentage of
complexes that incorporated CMP at position 25 on the wild type
template. Data for reactions at eight different CTP concentrations (1, 5,
10, 15, 20, 30, 100, and 500 M) are shown. The data for 20 and 30 M
CTP are shown in both the left and right graphs for reference. Data
were taken from Ref. 1. C, plots of the percentage of complexes that
incorporated AMP at position 26 on the A27c template. Data for
reactions at six different ATP concentrations (5, 20, 50, 100, 500, and
1000 M) are shown. The data for 50 M ATP are shown in both the left
and right graphs for reference.
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associated with streptolydigin resistance in E. coli (44, 45) and
in Bacillus subtilis (46). Streptolydigin is an antibiotic that
inhibits transcription in E. coli during initiation and elongation
(44, 47, 48). In particular, -subunit residues 543–546 in E. coli
(44, 45) and 499, 500, and 502 in B. subtilis (46) confer strep-
tolydigin resistance upon mutation (see Fig. 5). These residues
correspond to 423–426 in T. thermophilus and T. aquaticus
RNAPs. The rifampicin binding region, which has been shown
FIG. 5. Sequence alignments of relevant portions of the  subunit. RNAP sequences from several prokaryotic (E. coli, T. aquaticus,
T. thermophilus, B. subtilis, and Salmonella) and eukaryotic (RNAP II) (S. cerevisiae, Schizosaccharomyces pombe, mouse, and human) organisms
are aligned as described under “Materials and Methods.” The consensus sequence is shown at the bottom. Important residues are boxed in black
and labeled underneath. The disordered region of the S. cerevisiae RNAP II crystal structures is boxed in red. The  sheet sequence is shown at
the top, and the loop region is shown in the bottom two panels.
TABLE I
Kinetic constants
The constants correspond to the kinetic mechanisms shown in Fig. 2 (A and B). The rates in braces for kunact correspond to the translocation
mechanism shown in Fig. 2B, where as those that are not in braces correspond to the mechanism shown in Fig. 2A. All other rates are the same
for both mechanisms. It should be noted that the kunact rates for the translocation mechanism are equal to Kallos  kunact (non-translocation
mechanism). The sequences are shown to the left, with the nucleotide being incorporated underlined. The most significant differences in rate
constants between template positions 25 and 26 are shown in boldface and italic, and the most significant differences in rate constants between
the wild type and A27c templates at template position 26 are shown in boldface only.
Sequence Kallos
kunact
{kunact}
kunact or
kunact
kslow kact kact kfast
M s1 M1 s1 s1 M1 s1
25 AACAAC Wild-type 100 5.8 {580}a 33 2.7 4300 91000 730
26 AACAAC Wild-type 22 10 {220} 10 <0.09 (0) 4000 71000 110
26 AACACC A27c 83 1.8 {149} 4 0.034 (0) 4 10 120
a Numbers in braces are s1.
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to be important in elongation and nucleotide binding (44, 45,
49), is nearby. This loop is also very close to the bridge helix (
F helix) (Fig. 7, A and B) and could potentially interact with it
upon a conformational change in the enzyme.
The Streptolydigin Binding Domain May Comprise an NTP
Binding Site—A deeper inspection of the streptolydigin-bind-
ing loop suggests that it may play a more important role in
transcription and translocation than previously thought. A
thorough investigation of the region of RNAP surrounding this
loop (Fig. 7, A and B) reveals that it could comprise a nucleotide
binding site. This site is on the opposite side of RNAP from the
secondary tunnel and is solvent-accessible. We propose that
this region of the protein contains the putative allosteric NTP
binding site.
To assess whether this loop could comprise the allosteric
NTP binding site, we have examined the sequence and struc-
ture in the regions surrounding this loop. Notably, the overall
fold of this region is similar to nucleotide binding domains.
Specifically, it contains a flexible loop (D loop I) flanked by a
-sheet on one side and -helices on the other (50–52) (Fig. 7A).
To investigate the sequence conservation in these regions, we
aligned the sequences based on the crystal structures of
T. aquaticus, T. thermophilus, and S. cerevisiae RNAPs. This
structural alignment was necessary, because the published
alignments based only on sequence were misaligned, especially
the -sheet region, between prokaryotic and eukaryotic RNAPs
(28). The structure of the -sheet region is conserved between
T. aquaticus, T. thermophilus, and S. cerevisiae RNAPs, and its
sequence shows moderate conservation with a conserved hy-
drophobic region found in the -sheets of NTP binding domains
(Fig. 5).
The loop is glycine-rich, in both eukaryotes and prokaryotes,
which is an evolutionarily conserved feature found in “P-loops”
responsible for binding NTPs (50, 53). The sequence of the loop
is moderately conserved between prokaryotes and eukaryotes
and is highly conserved in each class. Significantly, the eukary-
otic RNAPs contain a conserved GK sequence motif found in
the P-loops of NTP binding domains (50, 53). It has been
suggested that the function of this lysine in P-loops is to inter-
act with the -phosphate of the NTP (50, 53). Although the
bacterial RNAPs do not contain the conserved GK motif, they
are glycine-rich and contain three conserved arginine residues
that could perform the same function.
Finally, in addition to the above conserved features, a totally
conserved Walker B motif (DXXG) is found at the rear of the
loop, with the position of the aspartic acid residue conserved in
all of the RNAP crystal structures (28, 40, 42, 43). In NTP-
binding proteins, the aspartic acid residue of this motif binds a
magnesium ion, which, in turn, binds to the -phosphate of the
NTP (50, 51, 53). Significantly, in the structure of T. ther-
mophilus holoenzyme, a magnesium ion is bound to this aspar-
tic acid residue (43).
Further evidence that the loop may comprise an NTP bind-
ing site comes from studies of a kinase. A large conformational
change is required for binding of an inhibitor near the ATP
binding site of p38 mitogen-activated protein kinase (54). In
this conformational change, a Phe side chain moves by about
10.0 Å (54). Similarly, the Phe side chain of residue 425  in the
T. aquaticus RNAP structure has moved about 14.0 Å relative
to its conformation in the T. thermophilus RNAP structure
(Fig. 6). Taken together, these sequence and structural analy-
ses strongly support our suggestion that the conserved flexible
loop comprises an NTP binding site.
To investigate this idea further, we have modeled a UTP
bound in the loop of the models of the T. thermophilus (Fig. 7,
A and B) and T. aquaticus (not shown) elongation complexes.
These models were made by docking a UTP into the loop
followed by a molecular dynamics minimization to remove bad
contacts and partially optimize contacts (Fig. 7, A and B). This
minimization only slightly altered the conformation of the loop.
Root mean square bond deviations were 0.01 Å for both pro-
teins, and root mean square angle deviations were 1.39 Å and
1.51 Å for T. Thermophilus and T. aquaticus, respectively.
Although this model is probably not entirely correct in the de-
tails, it provides insight into how an NTP may bind in this loop
and how an NTP could act as an allosteric effector. Inspection of
the model of T. thermophilus RNAP (Fig. 7A) reveals that the
magnesium ion, which is chelated to the conserved Walker B
motif aspartic acid residue is poised to interact with the
-phosphate of the UTP. The NTP lies on top of the loop in a
manner similar to that found in the P-loops of NTP-binding
proteins (52, 53). The conserved glutamate residue at posi-
tion 421 in T. thermophilus is in hydrogen bonding distance
from the 2-OH of the ribose, thereby providing specificity for
ribose versus deoxyribose NTPs. In addition, there is a
nearby threonine residue (419) that could provide specificity
for ribose versus deoxyribose, as is often seen in the P-loops of
NTP-binding proteins (50, 51, 53).
FIG. 6. A stereoview of the superim-
position of the streptolydigin-bind-
ing loops from the T. aquaticus (blue)
and T. thermophilus (red) crystal
structures. The flexibility of the loop is
evident by the different positions of F425
(14.0 Å) between the two structures.
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Structural Model for Allosteric Activation: Binding of the
NTP to the Allosteric Site Induces Translocation Via A Ratchet
Motion—With this structural model in hand, it still remains to
be explained how binding of an NTP to this loop could provide
allosteric activation of RNAP. Inspection of Fig. 7 (A and B)
reveals that an NTP bound in the loop is poised to interact with
the 1 base in the downstream DNA, if RNAP is in the pre-
translocated state, as it is in this model. This interaction would
provide specificity in the allosteric site for the base that is to be
incorporated, giving us a structural explanation for our kinetic
observation that the allosteric site is specific for the incoming
NTP (1).
FIG. 7. Model of the proposed allosteric NTP binding site and the ratchet mechanism of translocation. A, a stereo view of the overall
allosteric NTP binding site in comparison with an ATPase. The graphic on the left is the putative allosteric NTP binding region. DNA bases are
shown in stick form with a ribbon backbone, and tubes represent protein. The F helix is cyan, the  sheet is light green, the helices flanking the
 sheet are pink, the proposed NTP binding loop is orange, the rifampicin regions that flank the loop are purple and blue, the allosteric NTP (a
UTP here to base pair with the 1 (adenosine) base in the DNA) is space-filled in green, the DNA template is yellow (1, 2, and 3 downstream
bases are magenta (space-filled), green, and gray, respectively), the RNA transcript is red, and the magnesium (space-filled) chelated by D326 (red)
is magenta. The allosteric NTP lies on top of the loop poised to base pair with the 1 DNA base. The -phosphate is chelated by the magnesium.
The  sheet lies on top of the NTP binding site. The graphic on the right is taken from the crystal structure of the E. coli arsenite-translocating
ATPase (60). The representations are similar to the ones for the proposed NTP binding region on RNAP. The tubes represent protein. The ADP
molecule is space-filled in green and lies on top of the orange loop. The  sheet is light green, and the helices flanking the  sheet are pink. The
magnesium ion is shown as the space-filled magenta sphere and is chelated by several arginine residues (red). A comparison of the overall
architecture of this ATPase with the proposed NTP binding region of RNAP shows that several of the motifs found in NTP-binding proteins are
conserved in this region of RNAP. B, ratchet model of translocation. The view of the allosteric NTP binding region from a is rotated to the left by
about 90°. The representations and color scheme are the same as in a. The connection of the rifampicin domains to the proposed NTP binding loop
(orange) is clearly visible. The proximity of the rifampicin domains to the upstream RNA and DNA is evident. Arrows show the direction of
movement that would occur upon translocation. Any movement in the putative P-loop would have a clear effect on the movement of the rifampicin
domain and, therefore, on the movement of the RNA-DNA hybrid, resulting in a “ratcheting” type of translocation.
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We propose that in stalled complexes, RNAP resides primar-
ily in the pre-translocated state. In support of this idea, the
structures of the yeast RNAP II elongation complex (40) and
the T7 RNAP elongation complex (55) are both in the pre-
translocated state. We propose that productive binding (i.e.
correct pairing with the 1 DNA base) of an NTP to the
allosteric site induces a conformational change to the post-
translocated state. Inspection of the structure supports this
idea (Fig. 7, A and B). First, the loop interacts with the F-helix;
therefore, a conformational change in the loop could lead to a
conformational change in the F-helix, which interacts with the
downstream end of the RNA-DNA hybrid. Second, and perhaps
more importantly, the putative P-loop is directly linked, via
primary sequence, to the rifampicin binding domain, which
interacts extensively with the RNA in the RNA-DNA hybrid
(Figs. 5 and 7B). Consequently, a conformational change in the
loop upon productive NTP binding could lead to a cooperative
movement of the F-helix and the rifampicin region, which, in
turn, would lead to the translocation of the DNA and the RNA
to the post-translocated state. This idea is best envisioned as a
ratchet model, shown in Fig. 7B. Notably, McClure postulated
over two decades ago that the streptolydigin-binding domain
might overlap with an NTP binding domain and that NTP
binding might provide some of the driving force required for
translocation (47).
Once NTP binding to the allosteric site facilitates RNAP
translocation to the post-translocated state, the catalytic NTP
binding site becomes available for a second NTP to bind via the
secondary channel, with binding resulting in rapid catalysis in
the activated (fast) state. There are two possible structural
explanations, which correspond to the two kinetic mechanisms
shown in Fig. 2, that could describe synthesis in the unacti-
vated (slow) state. First, if RNAP in a stalled complex is in
equilibrium between the pre- and post-translocated states, as
has been suggested previously (47), an NTP could bind via the
secondary tunnel when RNAP is in the post-translocated state
and be incorporated (kinetic mechanism in Fig. 2A). The slower
rate of catalysis (kslow) in this state could result from subopti-
mal alignment of the -phosphate with the 3-OH of the RNA
chain (1). Alternatively, synthesis in the unactivated state may
FIG. 8. Model of the proposed mechanism of translocation and elongation. The secondary channel is blue, the red transparent cylinder
represents the F helix, the proposed NTP binding loop is green, the RNA transcript is blue, the DNA template is yellow (1, 2, and 3
downstream bases represented by cyan, magenta, and yellow boxes, respectively), the terminal base pair in the pre-translocated state is shown as
the purple (DNA) and black (RNA) boxes, the allosteric NTP is represented by the light green figure bound to the loop, and the catalytic NTP is
represented by a similar light green figure bound either in the tunnel or at the active site. The model begins in the pre-translocated state (EnPT).
Both the activated and unactivated paths of synthesis are shown. The dashed lines indicate base pairing. The labels below the drawings identify
the states, with SC and SA representing substrate bound in the catalytic site and the allosteric site, respectively. In this model, the NTP binds to
RNAP in the pre-translocated state (EnPT  NTP º EnPT:SA) and induces translocation to the post-translocated state (EnT:SA). On the activated
pathway, a second NTP binds to the catalytic site (EnT:SA:SC) followed by rapid catalysis; whereas, on the unactivated pathway, the NTP in the
allosteric site is transferred over to the catalytic site (EnT:SC) followed by slow catalysis. It should be noted that ktrans, kNTP*, and kexchange are
related to the rate constants shown in Fig. 2B used in fitting the kinetic data as follows: kact  ktrans  kNTP
* and kunact
  ktrans  kexchange (see Fig.
2B and Table I).
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result from the NTP first binding in the allosteric site and
inducing translocation, and subsequently being transferred
over to the catalytic site (kinetic mechanism in Fig. 2B). Such
a transfer may be rate-limiting and result in a slow rate of
synthesis. Although it has been suggested that the NTPs must
enter via the secondary channel, there is no direct evidence to
support this hypothesis; therefore, this model is a reasonable
explanation for the slow rate of synthesis in the unactivated
state. This model can also be used to explain why the unacti-
vated state is a higher fidelity state (1). The allosteric site first
provides the specificity for the correct NTP, and after it is
transferred over to the catalytic site, the catalytic site provides
additional specificity. The model shown in Fig. 8 is based on
this latter model; however, we do not have enough evidence to
discriminate between the two models, which differ only in the
details. It is likely that RNAP may follow either kinetic mech-
anism (Fig. 2) depending on the sequence context.
The location of the allosteric NTP binding site being on the
solvent-accessible side of the enzyme can explain our observa-
tion that the binding and dissociation of NTPs to the allosteric
site is in rapid equilibrium. Because entrance to the catalytic
site is probably through the secondary channel, a trafficking
problem between NTPs might occur if both the catalytic and
allosteric NTPs had to enter via the secondary channel. With
our model, this trafficking problem is overcome by having the
allosteric site (which is easily accessible to NTPs) provide the
initial specificity for the correct NTP instead of the catalytic
site. Once the correct NTP binds to the allosteric site, translo-
cation is induced, and the catalytic site becomes accessible. In
the fast state of synthesis, a second NTP can then bind to the
catalytic site. The catalytic site now provides additional speci-
ficity for the correct NTP.
Using this model, we can now explain the effects that we
observe with the change in the downstream DNA. The A27c
template kinetic data indicate that the reduced rate of synthesis
is primarily due to a reduced rate of NTP binding to the catalytic
site in the activated state (Fig. 2, A and B, and Table I). Specif-
ically having a purine in the 2 downstream DNA base in this
sequence context slows down the rate of synthesis. Because of the
proximity of this base to the loop, the allosteric NTP could be
binding to the loop suboptimally in this case and may not be able
to induce translocation efficiently as a result. If translocation
cannot be induced, the catalytic site cannot become accessible to
the incoming NTP. The inaccessibility to the catalytic site could
be observed as a reduction in the rate of NTP binding. The fact
that kslow can be zero for some template positions (Table I) pro-
vides evidence for an improper alignment as a result of an in-
complete or improper translocation event. The kinetic data may
provide some of the strongest evidence for our translocation
model, because the only structural element of the enzyme near
the downstream base is the loop. The reduction in rate of NTP
binding to the catalytic site may result from an interaction of the
downstream DNA with the loop. Alternatively, the downstream
DNA may be in an improper alignment relative to the loop such
that correct NTP binding to the loop does not induce proper
translocation. Such states may be present at pause sites, provid-
ing an alternative structural explanation for pausing other than
backtracking or hypertranslocation (10, 32, 33).
It has been demonstrated previously that synthesis leaves
RNAP in a long-lived activated state (2, 10) suggesting that
binding to the allosteric site is no longer necessary once the
RNAP has entered the activated (fast) state. Once RNAP has
entered this state, the loop may serve as a site where NTPs can
be pre-loaded, ready to become the allosteric effector for the
next round of synthesis. Consistent with this idea, studies of
RNAP II elongation kinetics indicate that the NTP that is
complementary to the 2 DNA base, instead of the 1 base, is
an allosteric effector for elongation (56). Specifically, it was
found that the 2 NTP enhances the rate of incorporation at
1 if RNAP is already on the activated pathway. It was sug-
gested that binding of the complementary NTP to the 2 site
facilitates translocation and plays an important role in proces-
sive synthesis (56). Interestingly, Shimamoto and Wu (57) dis-
covered over 20 years ago that the kinetics of initiation is
affected by the concentration of the subsequent NTP to be
added. Our ratchet model for translocation provides a struc-
tural explanation for the results with RNAP II as well as E. coli
RNAP. Specifically, if RNAP in the activated state resides
primarily in a post-translocated state, as opposed to a pre-
translocated state of stalled complexes, the 2 base of the
template strand would be in the same position as the 1 base
in our model (Figs. 7A, 7B, and 8). Consequently, the specificity
in the allosteric site would be for the 2 NTP in the post-
translocated state and for the 1 NTP in the pre-translocated
state. Binding of the 2 NTP to the allosteric site could help
the RNAP to maintain the post-translocated state and thereby
facilitate elongation.
Our kinetic data and structural analysis strongly suggest
that binding of the allosteric NTP to the streptolydigin-binding
loop facilitates translocation via a ratchet motion. This ratchet
motion most likely involves a concerted movement of the rifam-
picin domain and F helix. We suggest that this loop also helps
to maintain processive elongation by keeping RNAP in a post-
translocated state. This model indicates that the allosteric NTP
induces the transition from the unactivated to the activated
state by playing a role in translocation. It is likely that further
investigation of the allosteric NTP binding site will provide
more evidence for this important function.
Acknowledgments—We thank R. Landick for providing the E. coli
strain containing the His-tagged RNA polymerase. We thank Z. Burton
for sharing unpublished results and insights. We thank I. Wong,
R. Landick, S. Darst, L. Spremulli, M. Redinbo, and several laboratory
colleagues for helpful discussions.
REFERENCES
1. Foster, J. E., Holmes, S. F., and Erie, D. A. (2001) Cell 106, 243–252
2. Erie, D. A., Hajiseyedjavadi, O., Young, M. C., and von Hippel, P. H. (1993)
Science 262, 867–873
3. Erie, D. A., Yager, T. D., and von Hippel, P. H. (1992) Annu. Rev. Biophys.
Biomol. Struct. 21, 379–415
4. Davenport, R. J., Wuite, G. J., Landick, R., and Bustamante, C. (2000) Science
287, 2497–2500
5. Matsuzaki, H., Kassavetis, G. A., and Geiduschek, E. P. (1994) J. Mol. Biol.
235, 1173–1192
6. Yin, H., Artsimovitch, I., Landick, R., and Gelles, J. (1999) Proc. Natl. Acad.
Sci. U. S. A. 96, 13124–13129
7. Coulombe, B., and Burton, Z. F. (1999) Microbiol. Mol. Biol. Rev. 63, 457–478
8. Guthold, M., and Erie, D. A. (2001) Chembiochem 2, 167–170
9. Kubori, T., and Shimamoto, N. (1996) J. Mol. Biol. 256, 449–457
10. Erie, D. A. (2002) Biochim. Biophys. Acta 1577, 224–239
11. Landick, R. (1997) Cell 88, 741–744
12. Chan, C. L., Wang, D., and Landick, R. (1997) J. Mol. Biol. 268, 54–68
13. Chan, C. L., and Landick, R. (1997) J. Mol. Biol. 268, 37–53
14. Lee, D. N., Phung, L., Stewart, J., and Landick, R. (1990) J. Biol. Chem. 265,
15145–15153
15. Landick, R., and Yanofsky, C. (1984) J. Biol. Chem. 259, 11550–11555
16. Landick, R., and Yanofsky, C. (1987) J. Mol. Biol. 196, 363–377
17. Wang, D., Meier, T. I., Chan, C. L., Feng, G., Lee, D. N., and Landick, R. (1995)
Cell 81, 341–350
18. Levin, J. R., and Chamberlin, M. J. (1987) J. Mol. Biol. 196, 61–84
19. Fivaz, J., Bassi, M. C., Pinaud, S., and Mirkovitch, J. (2000) Gene (Amst.) 255,
185–194
20. Aranda, A., and Proudfoot, N. J. (1999) Mol. Cell. Biol. 19, 1251–1261
21. Telesnitsky, A., and Chamberlin, M. J. (1989) Biochemistry 28, 5210–5218
22. Reynolds, R., Bermudez-Cruz, R. M., and Chamberlin, M. J. (1992) J. Mol.
Biol. 224, 31–51
23. Reynolds, R., and Chamberlin, M. J. (1992) J. Mol. Biol. 224, 53–63
24. Uptain, S. M., and Chamberlin, M. J. (1997) Proc. Natl. Acad. Sci. U. S. A. 94,
13548–13553
25. Burgess, R. R., and Jendrisak, J. J. (1975) Biochemistry 14, 4634–4638
26. Kuzmic, P. (1996) Anal. Biochem. 237, 260–273
27. Anderson, K. S., Sikorski, J. A., and Johnson, K. A. (1988) Biochemistry 27,
7395–7406
28. Cramer, P., Bushnell, D. A., and Kornberg, R. D. (2001) Science 292,
Downstream DNA Effects on Transcription Elongation 35607
1863–1876
29. Forde, N. R., Izhaky, D., Woodcock, G. R., Wuite, G. J., and Bustamante, C.
(2002) Proc. Natl. Acad. Sci. U. S. A. 99, 11682–11687
30. Neff, N. F., and Chamberlin, M. J. (1980) Biochemistry 19, 3005–3015
31. Levin, J. R., Krummel, B., and Chamberlin, M. J. (1987) J. Mol. Biol. 196,
85–100
32. Artsimovitch, I., and Landick, R. (2000) Proc. Natl. Acad. Sci. U. S. A. 97,
7090–7095
33. Palangat, M., and Landick, R. (2001) J. Mol. Biol. 311, 265–282
34. Komissarova, N., and Kashlev, M. (1997) J. Biol. Chem. 272, 15329–15338
35. Landick, R. (1999) Science 284, 598–599
36. Tomizawa, J., and Masukata, H. (1987) Cell 51, 623–630
37. Wilson, K. S., and von Hippel, P. H. (1995) Proc. Natl. Acad. Sci. U. S. A. 92,
8793–8797
38. Gusarov, I., and Nudler, E. (1999) Mol. Cell 3, 495–504
39. Rosenberg, M., and Court, D. (1979) Annu. Rev. Genet. 13, 319–353
40. Gnatt, A. L., Cramer, P., Fu, J., Bushnell, D. A., and Kornberg, R. D. (2001)
Science 292, 1876–1882
41. Korzheva, N., Mustaev, A., Kozlov, M., Malhotra, A., Nikiforov, V., Goldfarb,
A., and Darst, S. A. (2000) Science 289, 619–625
42. Zhang, G., Campbell, E. A., Minakhin, L., Richter, C., Severinov, K., and
Darst, S. A. (1999) Cell 98, 811–824
43. Vassylyev, D. G., Sekine, S., Laptenko, O., Lee, J., Vassylyeva, M. N.,
Borukhov, S., and Yokoyama, S. (2002) Nature 417, 712–719
44. Heisler, L. M., Suzuki, H., Landick, R., and Gross, C. A. (1993) J. Biol. Chem.
268, 25369–25375
45. Severinov, K., Soushko, M., Goldfarb, A., and Nikiforov, V. (1993) J. Biol.
Chem. 268, 14820–14825
46. Yang, X., and Price, C. W. (1995) J. Biol. Chem. 270, 23930–23933
47. McClure, W. R. (1980) J. Biol. Chem. 255, 1610–1616
48. Cassani, G., Burgess, R. R., Goodman, H. M., and Gold, L. (1971) Nat. New
Biol. 230, 197–200
49. Jin, D. J., and Gross, C. A. (1991) J. Biol. Chem. 266, 14478–14485
50. Walker, J. E., Saraste, M., Runswick, M. J., and Gay, N. J. (1982) EMBO J. 1,
945–951
51. Leipe, D. D., Wolf, Y. I., Koonin, E. V., and Aravind, L. (2002) J. Mol. Biol. 317,
41–72
52. Kull, F. J., Vale, R. D., and Fletterick, R. J. (1998) J. Muscle Res. Cell Motil. 19,
877–886
53. Via, A., Ferre, F., Brannetti, B., Valencia, A., and Helmer-Citterich, M. (2000)
J. Mol. Biol. 303, 455–465
54. Pargellis, C., Tong, L., Churchill, L., Cirillo, P. F., Gilmore, T., Graham, A. G.,
Grob, P. M., Hickey, E. R., Moss, N., Pav, S., and Regan, J. (2002) Nat.
Struct. Biol. 9, 268–272
55. Tahirov, T. H., Temiakov, D., Anikin, M., Patlan, V., McAllister, W. T.,
Vassylyev, D. G., and Yokoyama, S. (2002) Nature 420, 43–50
56. Nedialkov, Y. A., Gong, X. Q., Hovde, S. L., Yamaguchi, Y., Handa, H., Geiger,
J. H., Yan, H., and Burton, Z. F. (2003) J. Biol. Chem. 278, 18303–18312
57. Shimamoto, N., and Wu, C. W. (1980) Biochemistry 19, 842–848
58. Barshop, B. A., Wrenn, R. F., and Frieden, C. (1983) Anal. Biochem. 130,
134–145
59. Zimmerle, C. T., and Frieden, C. (1989) Biochem. J. 258, 381–387
60. Zhou, T., Radaev, S., Rosen, B. P., and Gatti, D. L. (2000) EMBO J. 19,
4838–4845
Downstream DNA Effects on Transcription Elongation35608
